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Vitreous samples (1-x) AgPO3–xMoO3 (0≤x≤0.5) were prepared by conventional melt-quenching and char-
acterized by Differential Scanning Calorimetry (DSC). The structural evolution of the vitreous network was
monitored by 31P solid state nuclear magnetic resonance and Raman scattering, and assignments were
aided by corresponding studies on the model compound AgMoO2PO4. The 31P MAS-NMR data differentiate
between species having two, one, and zero P―O―P linkages (Q(2) Q(1), and Q(0) species), respectively.
Interatomic connectivities involving these units are revealed by two-dimensional INADEQUATE data, utiliz-
ing the formation of double quantum coherences mediated by indirect 31P–31P spin–spin interactions via
P―O―P linkages. As this method discriminates against isolated P atoms, it also serves as an important spec-
tral editing tool for constraining lineshape ﬁts. 95Mo NMR data and Raman spectra suggest that the Mo spe-
cies are most likely six-coordinate, forming four P―O―Mo linkages and are otherwise invariant with
composition, except at MoO3 contents≥40 mole %, where some Mo―O―Mo bonding and/or clustering is
observed.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Glasses containing silver oxide belong to a group of interesting
technological materials because of their basic physical and optical
properties. They can often be converted to glasses containing
silver nanoparticles, which over the last few decades have been
extensively studied due to their large third-order non linear suscep-
tibility and ultrafast non-linear responses [1,2]. On the other hand,
glasses containing molybdenum oxide are of interest because of their
photochromic properties and are potential candidates for various
other applications, such as amorphous semiconductors, waste storage,
infrared transmission components, thermal and mechanical sensors
[3,4]. Finally, the structural behavior of MoO3, a typical intermediate
oxide, with its potential to act either as a network former or as a
network modiﬁer species in different types of glass systems is of
interest from a fundamental point of view [5–9]. Incorporation of
MoO3 or WO3 into alkali metaphosphate glasses is known to result in
dramatically increased glass transition temperatures, suggesting that
the glass structure is affected by strong mixed-network former effects
[5,10,11]. These have been previously examined, using Raman scatter-
ing and various complementary single and double resonance solid
state NMR techniques in various metaphosphate glasses containing
either metal oxide [5,10–13]. As previous publications on related
systems have shown that the informational content of 31P MAS-
NMR spectroscopy is somewhat limited by intrinsically poor spectro-
scopic resolution, the present contribution introduces two new
experimental approaches to these glass systems. First of all, two-
dimensional 31P INADEQUATE spectroscopy [14,15] will be applied
for detecting P―O―P connectivities. This method utilizes the homo-
nuclear indirect 31P–31P dipole–dipole (2J) interactions between
phosphate species linked via oxygen bridges for creating double
quantum coherences. Applying this method as a spectral ﬁlter, it
can be used for the selective detection of only those phosphate spe-
cies involved in P―O―P linkages (1-D refocused INADEQUATE)
[15]. Furthermore, by monitoring the evolution of the double quan-
tum coherences followed by two-dimensional data processing, the
resonances among interconnected phosphate species can be corre-
lated via the existence of a J-coupling and thus the connectivities
among and between different oxygen-bridged phosphate species
can be exposed. 1D and 2D INADEQUATE techniques have also re-
cently been applied for measuring J-coupling distributions in phos-
phate glasses [16].
Secondly, we address the bonding state of the molybdenum spe-
cies using 95Mo solid state NMR spectroscopy. As 95Mo is a low-
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gamma nucleus with a moderately sized nuclear electric quadrupole
moment, the detection sensitivity is generally low and spectra are
often poorly resolved. Nevertheless, the sensitivity problem can
be overcome by high ﬁeld strengths and fast magic angle spinning,
and a sizeable 95Mo NMR chemical shift and quadrupolar coupling
database on crystalline molybdenum oxide compounds has been de-
veloped in recent years [17,18]. For measuring strongly broadened
spectra, the sensitivity problem can also be addressed by recording
multiple spin echo trains generated by a Carr–Purcell–Meiboom–Gill
sequence adapted to quadrupolar nuclei (Q-CPMG sequence)
[19–21], and in fact, a successful application of this concept to 95Mo
NMR on disordered materials was published as early as 1991 [22].
In contrast, the number of 95Mo NMR studies of glasses is extremely
scarce, and works have been largely limited to the detection of
tetrahedral molybdate species [5,23,24]. In the present manuscript
we utilize the Q-CPMG sequence, for the ﬁrst time, for detecting
strongly broadened 95Mo NMR spectra of glassy materials. Together
with the more established one- and two dimensional solid state 31P
NMR techniques and the Raman spectra, and aided by parallel studies
of the model compound AgMoO2PO4, we develop a detailed structural
description of glasses in the system (1-x)AgPO3–xMoO3, (0≤x≤0.5).
2. Experimental
2.1. Sample preparation and characterization
Glassy AgPO3 was prepared from ammonium dihydrogen phos-
phate NH4H2PO4 and AgNO3 from Synth, all of analytical grade purity.
The starting materials were heated at 370 °C for 24 h in an alumina
crucible. Vitreous samples in the binary system (AgPO3)1−x(MoO3)x
were prepared bymelting this glassymaterial together withmolybde-
num oxide from Sigma, 99.5%, in a platinum crucible at 1000 °C.
The melt was kept at this temperature for 60 min to ensure homoge-
nization and ﬁning, and subsequently cooled rapidly in a brass mold.
Macroscopically homogeneous glasses were obtained over the com-
position range 0≤x≤0.5. The amorphous state was conﬁrmed by
the absence of sharp X-ray diffraction peaks. Glass transition and crys-
tallization temperatures were measured with a TA Instruments 2910
differential scanning calorimeter using a heating rate of 10 K/min−1.
All the samples are dark green colored (indicating the presence of
some of the molybdenum in lower valence states) and chemically
stable against moisture. Fig. 1 shows DSC curves obtained for
the glass samples and Table 1 summarizes glass transition and crys-
tallization temperatures (onset values), Tg and Tx, respectively. For
AgPO3 glass the results are in agreement with literature values
[25,26]. In analogy to the situation in similar glass systems studied
previously [5,10–13], addition of MoO3 to the metaphosphate glass
results in a signiﬁcant increase in Tg. In addition, the DSC data indi-
cate a remarkable increase in the thermal stability, with no crystalli-
zation exotherm being observed for samples with 0.1≤x≤0.3. A
crystalline sample of the model compound AgMoO2PO4 was prepared
by heating a glass of composition x=0.4 at 530 °C for 2 h. The identity
and crystallinity of this sample is documented by the x-ray powder
diffraction pattern (Fig. 2). Raman scattering measurements were
obtained with a JOBIN YVON HORIBA-LabRam HR instrument operated
with a He/Ne-laser at 632 nm. Table 2 summarizes thewavenumbers of
the major scattering peaks for the glassy samples studied.
2.2. Solid state NMR
Room temperature 31P NMR experiments were measured at
162.0 MHz on a Bruker DSX-400 spectrometer using a 4 mm MAS-
NMR probe at a spinning speed of 15 kHz. 90° pulses of 1.8 μs length
and recycle delays of 50 s were used. Chemical shifts are reported rel-
ative to 85% H3PO4. Signal deconvolutions into Gaussian components
were done using the DMFIT software package [27]. To assist in
spectral editing, the 1-D refocused INADEQUATE sequence [15] was
applied, to select only those 31P nuclei involved in P-O-P connectivi-
ty, whereas isolated P species are ﬁltered out. The pulse sequence is
illustrated in Fig. 3. The 90°-τ–180°-τ-90° pulse block utilizes the
homonuclear indirect 31P–31P dipole–dipole (2J) interactions for cre-
ating double quantum coherences between 31P nuclei linked via ox-
ygen bridges. Following a short evolution time t1, during which they
evolve under their combined resonance offsets, the DQ coherences
are transferred to observable magnetization, which is then detected
via a rotor-synchronized Hahn spin echo, while all single quantum
coherences are completely eliminated by phase cycling. For creating
a full P―O―P connectivity map between the various phosphate
units, 2D INADEQUATE spectra were recorded at 121.53 MHz at a
spinning speed of 14 kHz on a Bruker DSX-300 spectrometer, using
90° pulses of 2.5 μs length. 30 data sets (2560 scans at a relaxation
delay of 0.5 s each) were acquired, under rotor-synchronized condi-
tions at t1 increments of 71.43 μs. A double quantum coherence buildup
time of 2τ=5.6 ms was used. While this value is signiﬁcantly lower
than the optimum value of 1/2 J≈50 ms, its choice represents a good
compromise of DQ excitation efﬁciency and T2 decay. 1D-refocused IN-
ADEQUATE spectra were measured with 2τ=5.6 ms and an evolution
time of 3 μs. Attempts to identify different J-coupling multiplicities via
2-D J-resolved spectroscopy were unsuccessful in these glasses owing
to rather short spin–spin relaxation times, caused by paramagnetic
Mo5+ impurities present. Static 95Mo NMR experiments were carried
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Fig. 1. Differential scanning calorimetry curves obtained on (AgPO3)1−x(MoO3)x glasses.
Table 1
Glass compositions, glass transition temperatures Tg, crystallization temperatures Tx
and glass stability parameter Tx–Tg.
x (°C)
Tg (±2) Tx (±1) (Tx–Tg)
0.00 189 294 105
0.10 220 – –
0.15 238 – –
0.20 255 – –
0.25 274 – –
0.30 297 527 230
0.40 352 513 161
0.50 373 473 100
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out at 32.6 MHz, at room temperature on a 7 mm MAS-NMR probe
on a Bruker DSX-500 spectrometer. Spectra of stationary samples
were acquired using the quadrupolar Carr–Purcell–Meiboom–Gill
(QCPMG) pulse sequence [19,20]. Full spin echo trains were pro-
duced using the pulse sequence shown in Fig. 4 [28]. The following
acquisition parameters were used: solid π/2 excitation and π refo-
cusing pulses of 2.75 μs and 5.50 μs length, the receiver blanking
delays τ1, τ2, τ3, τ4 were all set to 100 μs and the value of the defocus-
ing time τ was 200 μs, resulting in a spikelet separation of 2.5 kHz
within the frequency domain. Each acquired echo train consisted of
40 individual echos. The relaxation delays were 1 s and 30 s for glass-
y samples and crystalline AgMoO2PO4, respectively. The echo train
was Fourier transformed, yielding the expected peak pattern spaced
at a frequency interval corresponding to the inverse delay between
subsequent refocusing pulses. To ensure uniform excitation of the
entire spikelet pattern, two data sets with the excitation center at
200 and −500 ppm were measured and co-added appropriately
(for the glassy samples). 95Mo chemical shifts were referenced rela-
tive to a 2 M aqueous solution of Na2MoO4 (pH=11).
3. Results and data analysis
3.1. Raman spectra
Raman spectra obtained for the glasses are shown in Fig. 5, while
data on the crystalline model compounds MoO3 and AgMoO2PO4
are shown in Fig. 6. The spectrum of glassy AgPO3 is dominated by
two bands near 1145 and 680 cm−1. The former band is assigned to
(PO2) symmetric stretching vibrations associated with the terminal
oxygen species of the metaphosphate groups, while the latter band
corresponds to the symmetric P―O―P bond stretching vibrations
[26,29]. In addition, we observe a low-intensity band at 1220 cm−1,
which can be assigned to P O stretching vibrations present in some
branching units observed at low concentrations because of some
slight deviation from the metaphosphate composition. Upon addition
of moderate amounts of MoO3 the band at 1145 cm−1 shifts towards
lower frequencies and a new broad band around 1100 cm−1 becomes
visible. This band increases in intensity up to x=0.3 and disappears
for higher MoO3 contents. In view of the NMR results discussed
below we assign this band to stretching vibrations of the O―P―O
groups within diphosphate units (P2O74− species) [30]. Addition of
MoO3 also produces new Raman scattering peaks near 250, 385, 880
and 925 cm−1. Fig. 6 illustrates that the latter three positions of
these signals match very well with some of those observed at 367/
377, 843, 882, and 907 cm−1 in crystalline AgMoO2PO4. The structure
of this model compound [31,32] is based on MoO6 octahedra linked to
phosphate tetrahedra at four of their vertices, while two oxygen
atoms are non-bridging. Each phosphate unit, in turn, is connected
to four molybdenum octahedra, i.e. in the nomenclature to be intro-
duced later, they are Q(0)4Mo type species. The asymmetric unit con-
tains two crystallographically inequivalent Mo and P atoms each.
Based on the close resemblance of the Raman spectra of the glass
10 15 20 25 30 35 40 45 50 55 60 65 70
 ICSD - 27.148
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Fig. 2. X-ray powder diffraction pattern observed on the crystallized x=0.40 sample
and calculated powder pattern of AgMoO2PO4.
Table 2
Vibrational modes associated the wave numbers for the major Raman scattering peaks
in the glasses under study.
x Vibrational mode Band position (cm−1)
0.00 (PO2)sym 1145
P―O―P 680
0.10 (PO2)sym 1137
O―Mo―O, Mo―O 880, 927
P―O―P 683
P―O―Mo 388
0.15 (PO2)sym 1135, 1070
O―Mo―O, Mo―O 880, 927
P―O―P 687
P―O―Mo 388
0.20 (PO2)sym 1129, 1063
O―Mo―O, Mo―O 880, 928
P―O―P 689
P-O-Mo 388
0.25 (PO2)sym 1111, 1063
O―Mo―O, Mo―O 880, 928
P―O―P 714
P―O―Mo 388
0.30 (PO2)sym 1090
O―Mo―O, Mo―O 880, 932
P―O―P 722
P―O―Mo 388
0.40 (PO2)sym 1190
O―Mo―O, Mo―O 871, 934
P―O―P 736
P―O―Mo 388
0.50 (PO2)sym 1190
O―Mo―O, Mo―O 854, 940
Mo―O―Mo 854
P―O―Mo 388
Fig. 3. Pulse sequence and coherence level diagram for INADEQUATE experiments. The
mixing time τwas set to 5.6 μs. For 1-dimensional refocused INADEQUATE a ﬁxed value
of t1 is used, in 2-D INADEQUATE the double quantum coherence evolution time t1 is
incremented.
Fig. 4. Carr–Purcell–Meiboom–Gill pulse sequence used for recording the 95Mo spin
echo trains.
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and of AgMoO2PO4 we assign the two peaks near 880 and 925 cm−1
to vibrations involving the terminal molybdenum–oxygen bonds
(Mo―O or O―Mo-O). For compositions x=0.4 and above the band
near 880 cm−1 broadens and extends signiﬁcantly towards lower
wave numbers. Fig. 5B illustrates that this broadening can be accounted
for by adding additional lineshape contributions near 850, 800 and
750 cm−1. While the position of the component near 850 cm−1 corre-
sponds well to the sharp 843 cm−1 Raman peak also observed in
AgMoO2PO4, the features extending towards lower wavenumbers are
attributed to Mo―O―Mo bond vibrations within molybdenum oxide
cluster species [33]. This assignment is also consistent with the wave-
number (819 cm−1) observed for the strongest Raman scattering
peak in crystalline MoO3.
3.2. One- and two-dimensional 31P MAS-NMR spectra
Fig. 7 shows the 31P MAS-NMR spectra, together with suggested
peak deconvolutions, to be discussed in more detail below. Pure
AgPO3 glass shows a dominant resonance at−19.1 ppm, attributed
to standard metaphosphate (chain-type, Q(2)) units; in addition a
weak signal at −36.9 ppm indicates a small amount of Q(3)
(branching) species that may arise from a small deviation from
the metaphosphate composition (data not shown). For samples
with 0.10≤x≤0.20 structured spectra are observed, which can be
easily ﬁt to three signal components near −18 ppm, -3.2 ppm and
7.4 ppm. Further insights can be obtained by the 2D-INADEQUATE
spectra summarized in Fig. 8 for two glasses in this composition re-
gion. These spectra reveal that all of the distinct phosphate species
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Fig. 5. A) Raman spectra measured on (AgPO3)1−x(MoO3)x glasses. (B) Deconvolution
suggested for the broad scattering peaks observed in the 750–900 cm−1 range for
glasses with x=0.4 and x=0.5.
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Fig. 6. Raman spectra of glassy (AgPO3)0.6(MoO3)0.4, glassy (AgPO3)0.6(MoO3)0.4 crys-
tallized at 530 °C containing AgMoO2PO4 as the sole crystalline phase, and crystalline
MoO3.
Fig. 7. 31P MAS-NMR spectra of (AgPO3)1−x(MoO3)x glasses and suggested peak
deconvolutions.
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observed in the single-pulse 31P MAS-NMR spectra are involved in
P―O―P linkages. Furthermore, the auto- and cross-correlation
peaks observed in the two-dimensional contour plots reveal the con-
nectivities among and between the corresponding phosphorus
species.
Glasses with x>0.25 show rather poorly resolved NMR spectra. In
this composition region the spectra give evidence for a fourth com-
ponent, found near −9.5 ppm. As suggested by Fig. 9, this species
appears to persist in glasses containing the highest MoO3 levels stud-
ied (x=0.5), and the refocused INADEQUATE spectrum identiﬁes
it as a phosphate unit involved in P―O―P bonding. Fig. 9 shows fur-
ther that the single-pulse spectrum for this sample has its center at a
signiﬁcantly higher frequency (near −4 ppm). This result suggests
that the single-pulse spectrum, although poorly resolved, must
arise from at least two spectral contributions, namely the one at
−9.5 ppm with its parameters already known from the refocused
INADEQUATE spectrum, and a second one near−1.5 ppm, obtained
via least-squares ﬁtting as shown in Fig. 9. This particular component
represents an isolated phosphate species (i.e. no P―O―P linking). As
indicated in Fig. 10, the two crystallographically inequivalent
Q(0)4Mo units in AgMoO2PO4 resonate at 0.0 and −0.8 ppm, in close
proximity to the signal observed here in the glassy state.
3.3. Static 95Mo NMR spectra
Fig. 11 summarizes the 95Mo spikelet patterns obtained by Fourier
transformation of the CPMG spin echo trains for three representative
glasses. In principle the intensity proﬁles of these patterns map out
the static lineshape, which appears to be dominated by second-
order quadrupolar perturbation effects. However, ﬁeld dependent
studies conducted on the related system NaPO3–MoO (data not
shown) suggest that the lineshapes are also inﬂuenced by anisotropic
chemical shielding effects; for this reason the extraction of reliable
average quadrupolar coupling parameters by simulating the spikelet
Fig. 8. 2D-INADEQUATE spectrum of (A) (AgPO3)0.85(MoO3)0.15 and (B) (AgPO3)0.80(MoO3)0.20, with connectivities indicated in the DQ dimensions.
989S.H. Santagneli et al. / Journal of Non-Crystalline Solids 358 (2012) 985–992
envelope is not possible. From the width of the pattern, we can
estimate the average nuclear electric quadrupolar coupling constant
to be roughly 10 MHz. Within the limited signal-to-noise ratio the
spectra reveal no signiﬁcant changes as a function of composition.
They also show close resemblance to the spectrum of AgMoO2PO4
(Fig. 12) suggesting that the molybdenum local environment in the
glasses is six-coordinate and independent of composition.
4. Discussion
Based on the experimental results delineated above, we can at-
tempt a structural description of these glasses in terms of the con-
centrations of different phosphate environments. In the following,
these environments will be categorized in terms of the Q(n)mMo ter-
minology, where n represents the number of P―O―P linkages,
while m denotes the number of molybdenum species linked to the
phosphate group (m+n≤4). This notation differs from the one
used by us in our previous publications [5,10,11] (where n denotes
the number of bridging oxygen atoms rather than the number of
P―O―P linkages), but is consistent with the one used by Koudelka
et al. [12,13]. Based on the evidence from Raman spectroscopy and
95Mo NMR, we proceed on the assumption that the molybdenum local
environment is the same as that in AgMoO2PO4 (i.e. six-coordinate,
two non-bridging oxygens, four bridging oxygen sharing corners
with four phosphate tetrahedra). Thus, the network transformation
can be considered to follow the reaction scheme
PO
−
3 þMoO3 → MoO2PO−4 ð1aÞ
or
Q
ð2Þ
0 þMoO3 → MoO2þ2 þ Qð0Þ4Mo ð1bÞ
Of course, the charge transfer from (formally singly charged) Q(2)
species to (formally triply charged) anionic Q(0) species accompanied
by the formation of dicationic MoO22+ species takes place only in a
formal sense of charge book-keeping. Accordingly, the network con-
version described by this reaction is not to be considered a depoly-
merization in the sense of the formation of non-bridging oxygen
atoms. Rather, all of the oxygen atoms of the Q(0)4Mo phosphate
units are of the bridging type, forming strong P―O―Mo linkages. If
the six-coordinate molybdenum species are connected to the phos-
phate tetrahedra in a corner-sharing mode (as in AgMoO2PO4),
MoO3 should be considered a network former species in these glasses,
and thus the effect on Tg can be considered a mixed-network former
effect. Thus, the addition of MoO3 to metaphosphate glasses results
in the transformation of both bridging (within P―O―P units) and
non-bridging oxygen species into P―O―Mo linkages. As each Mo is
capable of creating four such linkages, whereas in pure silver meta-
phosphate glass each P is engaged in only two P―O―P linkages, the
overall network connectivity is actually increased, as indeed reﬂected
by the steep increase in the glass transition temperatures with in-
creasing MoO3 content.
If process (1) were indeed the only network modiﬁcation process
taking place, the NMR spectra should consist only of two resonances,
namely at −19 ppm and at −1.5 ppm (for the Q(2)0 units and the
Q(0)4Mo units, respectively). In contrast to this model, in the NMR
spectra we can identify at least three additional 31P NMR lineshape
components near −9.5 ppm, −4 ppm and +7.4 ppm, indicating
that the network transformation process is more complex and in-
volves several additional types of phosphate environments. Based
on the fact that all three of these resonances can be observed in the
refocused INADEQUATE experiment, and species within this chemi-
cal shift range have been previously shown to produce doublets in
2-D J-resolved spectra in related systems [5], we tentatively attribute
all of these signals to Q(1) species possessing one P―O―P linkage.
Clearly, the low-intensity component near 7.4 ppm present at low
MoO3 contents can be assigned to pyrophosphate (P2O74−) units
(Q(1)0 species), as its chemical shift agrees well with the value of
7.3 ppm measured for crystalline silver pyrophosphate [34,35]. The
signal near −4 ppm, which is particularly prominent at the lower
MoO3 concentrations, may then be attributed to Q(1)1Mo units,
while the signal near −9.5 ppm might be assigned to Q(1)2Mo and/
or Q(1)3Mo units. Bond valence considerations show that these
types of Q(1) species can have stability if the electron distribution
Fig. 9. Top: Superposition of the 1D-Refocused INADEQUATE spectrum and the single
pulse MAS-NMR spectrum of glassy (AgPO3)0.5(MoO3)0.5. The Refocused INADEQUATE
spectrum appears clearly shifted towards lower frequencies. Bottom: suggested peak
deconvolution of the single-pulse MAS NMR spectrum into two components.
10 5 0 -5 -10 -15 -20
(31P)/ ppm
0 -4 -8 -12 -16 -20 -24
Fig. 10. 31P MAS-NMR spectrum measured for a crystallized glass of composition
(AgPO3)0.6–(MoO3)0.4. The two sharp resonances belong to crystalline AgMoO2PO4.
The inset ampliﬁes a broad resonance contribution that can be attributed to residual
glass.
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within the P―O―Mo linkage is strongly polarized towards phospho-
rus, such that 1.5 electrons are counted at each P-atom, but only 0.5
electrons are counted at each Mo atom. Considering the situation at
lowMoO3 concentrations ﬁrst, the peak deconvolutions summarized
in Table 3 are consistent with a transformation model, in which each
MoO3 unit added converts two Q(2)0 units into Q(1)1Mo species. This
conversion rate is identical to the one previously found by us for
the NaPO3–MoO3 system [5] and previously suggested to us that
molybdenum is present in the four-coordinated state, having two
bridging and two non-bridging oxygen atoms. In the present paper
we suggest a different interpretation, based on the new experimen-
tal evidence that molybdenum is most likely six-coordinate as in
AgMoO2PO4, having four bridging and two non-bridging oxygen
atoms. In the absence of Mo-O-Mo bonding in this concentration
range (which is suggested by the absence of the Raman scattering
feature near 850 cm−1), one might therefore expect a Q(2) –>Q(1)
conversion rate of four. It is important to realize that this is not the
case, however, if part of the new Mo―O―P linkages formed involve
Q(2) units as well, leading to the formation of Q(2)1Mo or Q(2)2Mo spe-
cies. Unfortunately the 31P NMR signals of these species are not re-
solvable as separate signals. However, there is previous evidence in
the spectra of analogous AgPO3–WO3 glasses where an additional
signal is observed at the low-frequency ﬂank of the Q(2)0 peak [10].
In the present system we postulate that these Q(2)nMo units contrib-
ute to the −18 ppm resonance. Indeed this signal is found to be in-
creasingly broadened with increasing x, suggesting a larger variety
of local environments at higher MoO3 contents.
Between x=0.25 and 0.30 the 31P NMR spectra change profoundly.
The Q(1)1Mo component near−4 ppm decreases in intensity. As a mat-
ter of fact, since the number of Mo―O―P linkages inferred from the
molybdenum content must be equal to the number of P―O―Mo link-
ages extracted from solid state NMR it is likely that the peak −4 ppm
already contains some contribution from Q(0)4Mo units. Furthermore, a
new signal component near −9.5 ppm emerges. As discussed above,
we attribute this signal to Q(1)2Mo and/or Q(1)3Mo species, whose con-
centration can be expected to increase in this composition region.
These species persist also in the samples containing 40 and 50 mol%
MoO3, where they are accompanied by the Q(0)4Mo signals near
−1.5 ppm. In principle, the latter signalwould be the only one expected
in the x=0.5 glass, the composition of which precisely reﬂects the
AgMoO2PO4 stoichiometry. However, for the two glasses with x≥0.4
the Raman spectra give substantial evidence for Mo―O―Mo bonding
(and possibly clustering), indicating that at these highMoO3 concentra-
tions not all of the molybdenum species engage exclusively in
Mo―O―P bonding. On this basis the detection of P―O―P linkages at
the composition x=0.5 can be easily rationalized.
5. Conclusions
In summary, the results of the present NMR and Raman study
provide substantially new insights into the structure of silver meta-
phosphate glasses modiﬁed by molybdenum oxide. Based on the
comparison of the glass spectra with those on the model compound
AgMoO2PO4, the molybdenum species in these glasses are most
Fig. 11. 95Mo spikelet spectra originating from Fourier transformation of the spin echo trains recorded with the QCPMG pulse sequence on three representative glasses.
2000 1500 1000 500 0 -500 -1000 -1500 -2000
 (95M o) /ppm
Fig. 12. 95Mo spikelet spectrum originating from Fourier transformation of the spin
echo train recorded with the QCPMG pulse sequence on a crystallized glass of compo-
sition (AgPO3)0.6–(MoO3)0.4.
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likely six-coordinate, forming four corner-sharing Mo―O―P link-
ages. As such, MoO3 has to be considered a network former species
and, from the viewpoint of mixed network former effects, the inter-
action of MoO3 with the Q(2) metaphosphate units can be formally con-
sidered a transformation into (MoO2)2+ species and PO43− groups [36],
taking place in several intermediate steps, as the MoO3/AgPO3 ratio is
increased. Based on this working assumption, the 31PMASNMR spectra
have been interpreted in terms of the various types of phosphate
species with different P―O―P and P―O―Mo connectivities. In this
regard, 31P refocused INADEDQUATE spectroscopy proved instru-
mental for developing reliable ﬁtting constraints for the 31P MAS-
NMR spectra, resulting in a quantitative description of the various
phosphate species and their connectivities over the entire glass-
forming range. With increasing MoO3 content, the conversion pro-
ceeds along the sequence Q(2)0–>(Q(1)1Mo/Q(2)1Mo)–>(Q(1)2,3Mo/
Q(2)1,2Mo)–>Q(0)4Mo, with additional Mo―O―Mo linkages present
only at the highest MoO3 concentrations. This structural model can
also rationalize the strong increase in Tg values with increasing
MoO3 content, as the interaction of MoO3 with the polyphosphate
chains results in signiﬁcant crosslinking effects and an increased
number of bridging oxygen atoms per network former species. The
new structural model developed here is most likely also applicable
other MoO3 and WO3-containing metaphosphate glasses previously
examined by us [5,10,11] and others [12,13] in the literature.
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Table 3
Deconvolution of the 31P MAS spectra of the glasses under study: chemical shifts δ (±0.5 ppm), full widths at half maximum Δ (±0.5 ppm), and fractional areas (±2%).
x Site (Q10) Site (Q(0)4Mo) Site (Q(1)mMo) Site (Q(2)mMo)
δ (ppm) Δ (ppm) (%) δ (ppm) Δ (ppm) (%) δ (ppm) Δ (ppm) (%) δ (ppm) Δ (ppm) (%)
0.10 7.4 7.6 5 – – – −3.2a 8.3 17 −17.6 10.8 78
0.15 7.2 7.1 4 – – – −3.8a 10.3 26 −18.0 12.0 70
0.20 7.3 7.1 4 – – – −3.9a 11.2 32 −17.8 13.6 64
0.25 8.2 9.9 2 – – – −4.2a 12.7 45 −16.8 16.1 53
0.30 – – – (−3.0 14.0 32) −3.0a /−9.5b 14.0/14.0 32/25 −18.0 18.2 43
0.40 – – – −1.5 15.4 46 −9.5b 14.0 50 −18.0 18.0 4
0.50 – – – −1.7 14.1 54 −9.0b 15.0 46 – – –
a m=1.
b m=2,3.
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